A planar waveguide was formed in fused silica plate by implantation of 5-MeV Ge 2+ ions to a dose of 10 15 ions/ cm 2 . Thermal poling created larger second-order nonlinearity in the waveguide than in blank fused silica plate. The nonlinearity could be erased by 266 nm ultraviolet exposure. Periodical nonlinearity distribution in the waveguide was implemented by periodical UV exposure. The first-order quasi-phase-matched second-harmonic generation from 1064 nm fundamental mode to 532 nm fundamental mode was achieved in the waveguide. fabricated low loss channel waveguides ͑0.1-0.15 dB/ cm͒ in fused silica by Ge-ion implantation, but no attempt on creating SON nor on frequency conversion devices was given. Weitzman et al. 5 previously showed QPM SHG in rf magetron sputtered GeO 2 : SiO 2 glass planar waveguides deposited on a fused silica substrate using periodic electric field poling rather than thermal poling. Recently we demonstrated QPM SHG device on planar fused silica by UV-assisted periodic thermal poling. 6, 7 In this letter, we report results of creating SON in germanium ion-implanted fused silica planar waveguide, UV erasure characteristics, and QPM SHG in this waveguide with UV-assisted periodic poling.
Glasses are materials with macroscopic inversion symmetry that do not exhibit second-order nonlinearity ͑SON͒. Myers et al. 1 first created stable SON ͑2͒ of ϳ1 pm/V in fused silica plates by means of thermal poling. Kazansky and co-workers 2 observed that presence of Ge could enhance SON in poled silicate fibers probably due to Ge-related defects, and quasi-phase-matched second-harmonic generation ͑QPM SHG͒ was demonstrated in the fiber. 3 Leech et al. 4 fabricated low loss channel waveguides ͑0.1-0.15 dB/ cm͒ in fused silica by Ge-ion implantation, but no attempt on creating SON nor on frequency conversion devices was given. Weitzman et al. 5 previously showed QPM SHG in rf magetron sputtered GeO 2 : SiO 2 glass planar waveguides deposited on a fused silica substrate using periodic electric field poling rather than thermal poling. Recently we demonstrated QPM SHG device on planar fused silica by UV-assisted periodic thermal poling. 6, 7 In this letter, we report results of creating SON in germanium ion-implanted fused silica planar waveguide, UV erasure characteristics, and QPM SHG in this waveguide with UV-assisted periodic poling.
The sample used in the experiment was type-III UV grade synthetic fused silica plate. The substrate contains metal impurities and hydroxyl ͑OH − ͒ concentrations of ϳ5 and ϳ200 ppm, respectively. The size of the substrate was 14 mmϫ 14 mmϫ 1 mm. Followed by standard cleaning process, the fused silica plate was then implanted with Ge 2+ ions at 5 MeV energy and 10 15 ions/ cm 2 dose using tandemtype accelerator ͑National Electrostatics Corp., model 9SDH-2͒. During implantation, the substrate temperature was kept at 77 K using liquid nitrogen to avoid dynamic annealing. Without cooling, the sample surface would become light brown, which degrades optical property of the sample.
Simulations by a ͑SRIM͒ ͑stopping and range of ions in matter͒ package 8 indicate that a buried Gaussian-like profile of Ge 2+ ions with a full width at half maximum ͑FWHM͒ of ϳ0.9 m developed in our samples. The peak of the buried Gaussian-like profile locates at a depth of ϳ2.9 m and its tail ends at ϳ3.6 m deep. The averaged concentration of Ge 2+ ions in fused silica is ϳ0.1 mol%. Measurements by a prism coupler showed that a planar waveguide was created in the implanted samples. The corresponding mode number, mode refractive index ͑N eff ͒ and film thickness, at three different wavelengths, are listed in The Ge 2+ -implanted fused silica was thermally poled at 6 kV, 275°C for 15 min. Maker fringe measurement was then taken; the result is shown in the inset of Fig. 1 . We have examined the hydrofluoric ͑HF͒ acid etched side edge of the poled region and we observed a 12 m deep boundary that separated the poled and unpoled region. The poling geometry, the role of HF etching, and the way to evaluate the thickness of the SHG active layer are well explained in Refs. 6 and 7. Assuming a step SON depth profile with 12 m thickness, the induced SON coefficient d 33 was calculated to be ϳ0.17 pm/ V. The detailed analysis on the depth profile of the SON coefficient would require high depth resolution Maker fringe measurement techniques 9 and it is beyond the purpose of this letter. For comparison, a blank fused silica plate was poled under the same condition; the Maker fringe is also shown in the inset. Inset of Fig. 1 clearly shows that ϳ40% stronger second harmonic signal was obtained in Ge 2+ -implanted sample than that of the blank fused silica poled under the same condition. The depth of the poled region of the blank fused silica observed was ϳ17.4 m, the SON coefficient was ϳ0.11 pm/ V assuming a step profile.
The decay behavior of SHG signals with increasing UV irradiation time for samples before and after Ge 2+ implantation was measured and plotted in Fig. 1 . The erasure UV source was a pulsed 266 nm UV light from a frequencyquadrupled Nd-YAG laser with 10 Hz repetition rate, 4 -6 ns pulse width, 8 mJ pulse energy and ϳ6 mm 1/e Gaussian beam size. The UV erasure characteristics can be used to produce periodic SON distribution as introduced in the following.
To implement quasi-phase matching nonlinear frequency conversion in Ge 2+ -implanted waveguide, we used a glass plate deposited with periodic strip of Al film ͑7 mm ϫ 7 mm in area and ϳ0.4 m in thickness͒ as the photomask for periodic UV exposure of the thermally poled Ge 2+ -implanted fused silica. The period of the mask was 34 m with 46% duty. The 266 nm UV pulses, as introduced in the last paragraph, were exposed through the mask to the anode side of the poled sample for 2.5 min. The top view of the periodic domain pattern could be clearly seen, as shown in the bottom image of Fig. 2 under optical microscope, after an attack of 48% -51% HF acid for 2 min. The period and duty cycle of the domain are the same as that of the mask.
Since there were no 1064 and 532 nm light sources available in our prism coupler measurement, we could not measure the mode refractive indices directly for these wavelengths. Therefore, for the purpose of designing the proper period for first order QPM SHG of 1064-532 nm in Ge 2+ -implanted waveguide, we used Sellmeier equations to fit the dada points measured in Table I to obtain mode refractive indices for these two wavelengths. With the formula ⌳ = / ͓2͑N 2 p − N q ͔͒, in which ⌳ is the period, = 1064 nm, N 2 p and N q are the mode indices with mode numbers p and q at the wavelengths of 2 and , respectively, we estimated the period for first order QPM-SHG required for conversion between the fundamental modes to be 35.8 m. To account for the possible errors in estimating the period, we chose a shorter period of 34 m for the device. Then, by scanning the angle of incidence in the QPM-SHG test, we expected that the correct period would be met at certain angle of incidence. Figure 2 shows configurations for the SHG test. Figure 3 shows the dependence of SH power on fundamental power for s -s and s -p conversions. The quadratic relation is clearly evident. The left image in Fig. 2 shows the SH mode pattern in our experiments. TE 0 → TE 2 0 and TM 0 → TE 2 0 mode conversions were realized. The inset of Fig. 3 shows the angle-tuning curve for s -s conversion that agrees with the theoretical sinc 2 curve. The peak SH power occurred at ϳ23.5°angle of incidence, which corresponds to 35.4 m QPM period for normal incidence, close to the estimated value of 35.8 m shown previously.
According to theory of waveguide QPM devices, 10,11 the SH power P 2 for Ge 2+ -implanted periodically poled fused silica ͑PPFS͒ is given by
where mode q͑p͒ at fundamental ͑SH͒ frequency, c is the light speed in vacuum, 0 is permittivity in vacuum, and is the fundamental wavelength. In our QPM-SHG test, we had 17 W fundamental peak power input the waveguide and we obtained SH peak power of ϳ51 nW. Substituting these values and the related parameters into Eqs. ͑1͒ and ͑2͒, we estimated d Q,eff to be ϳ0.005 and d 33 ϳ 0.016 pm/ V. The d 33 value estimated through this way is ϳ1 order of magnitude less than that directly obtained from Maker fringe measurement of the thermally poled implanted sample. This result implies that periodic UV erasure not only erases the unmasked area, the masked area is also affected. The d 33 value of the masked area has degraded to ϳ1 / 10 of the initial value. We observed the same partial erasure behavior in our previous report. 6 Although there were some uncertainties in estimating the coupling efficiency between laser source waveguide and waveguide detector, the degree of partial erasure estimation may not be exact, but the phenomenon of partial erasure seems to be common.
Since the second-order nonlinear coefficients that correspond to s -s and p -s conversions are d 33 We observed that two absorption bands appeared at 212 and 244 nm, respectively, after Ge implantation. These absorption bands became stronger with the increase of implantation dose and energy; they could be bleached by prolonged 266 nm UV exposure. These observations are consistent with the results of Albert et al.
14 Thermal poling right after Ge implantation could also bleach the absorption bands partially, possibly due to annealing effect, and subsequent UV exposure bleached the absorption bands further down. UV bleaching of the absorption bands was associated with the reduction of the second harmonic strength in Maker fringe measurements. However, when the second harmonic signals were eliminated completely by UV exposure, the absorption bands disappeared but the flattened absorption spectra did not reduced to that of the blank fused silica. We know that around spectral range of ϳ200-300 nm, complicated color centers exist that are Si and Ge related. 15, 16 High energy bombardment from implantation as well as UV photochemical reactions also produce and interconvert the complicated color centers. 17, 18 However, with the evidence of d 33 : d 31 = 3.2: 1 as was introduced previously, we believe the mechanism of SHG in the Ge-implanted fused silica is still the creation of ͑2͒ through the product of ͑3͒ and the built-in field, i.e., ͑2͒ ϰ ͑3͒ E dc . Further works with EPR, before and after implantation as well as thermal poling and UV erasure, to identify the Ge-related color centers and their evolutions are needed in order to understand the role of Ge implantation in the formation of the built-in electric field.
In conclusion, we have implemented a germanium ion implanted planar waveguide on fused silica plate. Secondorder nonlinearity could be created in the waveguide through thermal poling; the SON in the waveguide is higher than that in the blank fused silica plate thermally poled under the same condition. The SON in the waveguide could be erased by UV exposure. QPM-SHG waveguide device was implemented with periodic UV erasure of the SON in the waveguide. First order QPM-SHG from 1064 to 532 nm was demonstrated in this waveguide device. The built-in electric field model is in favor for creation of the SON in Ge-implanted silica waveguide.
